Triple jumpers employ either an asymmetrical 'single-arm' action or symmetrical 'double-arm' action in the takeoff of each phase of the jump. This study investigated which technique is more beneficial in each phase using computer simulation. Kinematic data were obtained from an entire triple jump using a Vicon automatic motion capture system. A planar 13-segment torque-driven subject-specific computer simulation model was evaluated by varying torque generator activation timings using a genetic algorithm in order to match performance data. The matching produced a close agreement between simulation and performance, with differences of 3.8%, 2.7%, and 3.1% for the hop, step, and jump phases respectively. Each phase was optimised for jump distance and an increase in jump distance beyond the matched simulations of 3.3%, 11.1%, and 8.2% was obtained for the hop, step, and jump respectively. The optimised technique used symmetrical shoulder flexion whereas the triple jumper had used an asymmetrical arm technique. This arm action put the leg extensors into slower concentric conditions allowing greater extensor torques to be produced. The main increases in work came at the joints of the stance leg but the largest increases in angular impulse came at the shoulder joints, indicating the importance of both measures when assessing the impact of individual joint actions on changes in technique. Possible benefits of the double-arm technique include: cushioning the stance leg during impact; raising the centre of mass of the body at takeoff; facilitating an increase in kinetic energy at takeoff; allowing a re-orientation of the body during flight.
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INTRODUCTION
When Jonathan Edwards improved his best performance by 0.85 m in breaking the triple jump world record three times in 1995, he attributed his improvement to the adoption of a symmetrical 'double-arm' technique (Edwards, 2009) . Hay (1992) stated that, 'The arm action used to takeoff into each of the three phases has been the source of considerable debate over the last 2-3 decades'. Arm techniques employed during the takeoff phases of the triple jump can be broadly split into two types: the single-arm technique in which the arms move in an asymmetrical fashion as they do in running; and the double-arm technique, which involves a symmetrical flexion of the upper arms during takeoff, starting from an extended position. Athletes can employ any combination of these two techniques over the three phases of the triple jump. There has, however, been very little consideration of arm technique in the literature, with analysis limited to observation of the techniques employed by elite performers (Jarver and Boase, 1984; Masters, 1986) and no attempt to assess quantitatively which technique is best and why.
It has been shown that jumping performance is improved with an arm swing in vertical jumps (Harman et al., 1990; Lees et al., 2004) , and in horizontal jumps (Ashby and Heergard, 2002; Hara et al., 2008) . Two main mechanisms were proposed by Harman et al. (1990) for this performance improvement: that the energy generated by the shoulder musculature directly contributes to the energy of the jump; and that the accelerations of the arms cause the leg musculature to be forced into slower concentric conditions, allowing the production of greater torque. The aim of this study was to develop a realistic computer simulation model of triple jumping in order to investigate which arm technique is associated with optimal performance.
METHODS
Kinematic and force data were gathered at the Loughborough University indoor High Performance Athletics Centre (HiPAC) from a male triple jumper of national standard (age: 22 years; mass: 72.6 kg; height: 1.82 m; best performance: 14.35 m). The study was carried out in accordance with the Loughborough University Ethical Advisory Committee guidelines. Forty-five 25 mm retroreflective markers were placed in positions on the jumper's body in order that locations of joint centres could be calculated. Eighteen Vicon MX cameras covered a volume of 18 m x 2 m x 2.5 m spanning the last stride of the approach and the full triple jump. Data were captured at 240 Hz during a single triple jump performance of 13.00 m. Orientation, defined as the angle of the trunk in the global reference frame, and configuration angles were calculated by considering the joint centre coordinates in the sagittal plane. Quintic splines (Wood and Jennings, 1979) were fitted to the time histories of these angles for input to the simulation model.
A 13-segment planar torque-driven computer simulation model of triple jumping was developed to investigate triple jumping technique (Figure 1 ). The 13 segments represented: head + trunk, two upper arms, two forearms and hands, two thighs, two shanks, two 2-segment feet, with wobbling masses within the shanks, thighs, and torso. Each foot had three points of contact with the ground at the heel, ball (metatarsophalangeal joint), and toe. The model was driven by torque generators consisting of contractile components and series elastic components which were employed to flex and extend the shoulder, hip, knee, ankle, and ball joints. The elbow joints were angle-driven since it was assumed they would behave similarly to recorded performances. Figure 1 . Thirteen-segment simulation model with wobbling masses within the shank, thigh, and trunk segments, torque drivers at the ball, ankle, knee, hip, and shoulder joints (grey circles), angle drivers at the elbow joints (white circles), and spring-dampers at three points on each foot.
Subject-specific torque and inertia parameters were calculated from measurements taken from an elite triple jumper. Maximal voluntary joint torque data were obtained assuming bilateral symmetry using an Isocom isovelocity dynamometer for flexion and extension of the ankle, knee, hip, and shoulder on the right side of the body . Due to the difficulties in measuring joint torques at the ball joint, profiles from the ankle joint were used, with maximum isometric torques reduced by a factor of three. In addition to active torque generators, the ankle, knee, and hip had passive elements (Riener and Edrich, 1999) which produced restorative torques at the extremes of range, acting to stop the limb exceeding anatomical limits. Ninety-five anthropometric measurements were taken and used as input to the inertia model of Yeadon (1990) in order to calculate subject-specific segmental inertia parameters.
Non-linear spring-dampers connected the ends of the wobbling and rigid elements (Pain and Challis, 2001 ):
where R is a force vector, r is a vector defining the position of the point of attachment on the wobbling mass from that on the rigid segment, r is a unit vector in the direction of r , r is the magnitude of r , r & is the derivative of r , k and d are stiffness and damping coefficients respectively, and i represents the location of the wobbling mass.
The horizontal and vertical forces at the foot were both modelled as modified linear springdampers situated at the heel, ball, and toe of each foot:
where x R and y R are the horizontal and vertical forces, x is the horizontal displacement from the initial ground contact point, y is the vertical displacement with respect to the floor, x & and y & are the derivatives of x and y , x k and y k , x d and y d are the stiffness and damping coefficients respectively, and i represents the point of contact on the foot.
Optimisation was used in three different ways: angle-driven simulations were matched to performance data in order to determine viscoelastic parameter values; torque-driven simulations were matched to performance data in order to assess the accuracy of the model; technique was optimised using torque-driven simulations in order to maximise phase distances. In each of these optimisations each phase of the triple jump was treated independently and had no bearing on the subsequent phases. In the angle-driven simulations the stance and airborne phases were simulated for each phase. In the torque-driven simulations the stance phase was simulated while in the airborne phase it was assumed that the model would undergo the same configuration changes as in the performance. The associated orientation changes were determined by running an angle-driven simulation with no angular momentum and this allowed the landing orientation in each phase to be calculated using the orientation, angular and linear momenta at takeoff as determined in the torquedriven simulation.
A common set of viscoelastic parameters representing the attachments of the wobbling masses and the foot-ground interface was determined for the three phases of the triple jump using an adaptation of the method of Wilson et al. (2006) . The simulation model was angle-driven using performance data and 27 parameters were varied using a simulated annealing algorithm (Corana et al., 1987) in order to minimise the difference between simulation and performance. These 27 parameters comprised: 12 stiffness and damping coefficients at the foot; six stiffness and damping coefficients at the wobbling masses; and nine kinematic parameters representing initial angular and linear velocities of the whole body in each phase. The objective difference function was the root mean square (RMS) of four parts: 1 S -% difference in horizontal velocity of COM at takeoff; 2 S -% difference in vertical velocity of COM at takeoff; 3 S -overall RMS difference in (trunk) orientation in degrees in the contact and airborne phases; 4 S -% absolute difference in time of contact. In all cases 1° was considered to be equivalent to 1% and objective difference function values were reported as %.
The torque-driven model was evaluated by assessing how accurately a simulation could match performance data for each phase individually. This simulation was found by varying 77 torque generator activation timings and seven initial kinematic conditions in order to minimise a difference function between simulation and performance data using a genetic algorithm (Goldberg, 1989) . The seven initial kinematic conditions comprised the orientation angle; configuration angles at the ankle, knee, and hip; and the angular and linear velocities of the whole body. At any given time during a simulation the activation level of each torque generator was governed by a quintic function with zero accelerations and velocities at the endpoints (Yeadon and Hiley, 2000) . The minimum time in which activation could ramp up from zero to maximum was 70 ms (Yeadon et al., 2010) . Torque profiles were either: ramp up (four parameters); ramp up and ramp down (up to seven parameters), or ramp down and ramp up (seven parameters), and were consistent across the three phases. These parameters defined: the time of onset of the activation ramp; the initial level of activation; the time taken to ramp up from zero to maximum; the maximum level of activation achieved; the time of onset of the second ramp; the time taken to ramp down from maximum to zero; and the final level of activation. The 77 torque generator activation timings comprised parameters from the profiles of all the torque-driven joints. The type of profile of each torque generator was estimated using joint torques calculated using inverse dynamics from the angledriven model, and muscle activations reported in the literature for triple jumping (Perttunen et al., 2000) . The ankle and ball joints in the free leg had constant activation profiles since they were expected to have a small influence on the performance of the model and were not included in the matching process. The ball joint of the stance leg was assumed to have only extensor activation. Levels of activation at touchdown were limited to 0.5 times maximum in all joints except for the free hip flexor where touchdown activation was allowed to take any value up to maximum since the flexion movement could be initiated prior to impact.
The objective function for each matched torque-driven simulation was the RMS of six parts:
1 S -% difference in horizontal velocity of COM at takeoff; 2 S -% difference in vertical velocity of COM at takeoff; 3 S -overall RMS difference in (trunk) orientation in degrees during ground contact; 4 S -overall RMS difference in whole-body configuration in degrees during ground contact; 5 S -% absolute difference in time of contact; 6 S -absolute difference in orientation at touchdown of the subsequent phase in degrees. The latter component was calculated using the simulation angular momentum at takeoff, and the orientation change associated with the performance configuration time history during the airborne phase.
Technique was optimised in order to maximise distance in each phase of the triple jump. The seven kinematic initial conditions were the same as for the matched simulation and the 77 activation parameters were varied by the genetic algorithm. Penalties were imposed if the joints exceeded anatomical limits, or if the calculated landing orientation was more than 5° from the measured landing orientation. Each phase distance (d phase ) comprised three components (Figure 2 
RESULTS
Simulation results from the angle-driven model indicated that the optimised viscoelastic parameters (Table 1 ) led to accurate model kinematics and were therefore acceptable for use in further simulations of the triple jump. Each phase was well matched, with difference function values of 2.2%, 1.0% and 2.4% for the hop, step, and jump phases respectively. The evaluation of the torque-driven model led to good correspondence with performance data (Figure 3) , demonstrating sufficient complexity for subsequent optimisation of performance. Difference function values were 3.8%, 2.7% and 3.1% for the hop, step, and jump phases respectively. The passive torques which came into play at the extremes of the anatomical ranges were relatively small (< 20 Nm). Optimisation of technique in each phase yielded an increase in jump distance from the matched simulations of 3.3%, 11.1%, and 8.2% for the hop, step, and jump respectively ( Table 2 ). The landing distance was fixed for all simulations so improvements could only come from d takeoff and d flight . In each phase the optimisation process chose a symmetrical shoulder flexion, whereas the jumper employed an asymmetrical technique (Figure 4) . The optimised techniques resulted in longer ground contact time (0.018 s, 0.008 s, and 0.009 s) (Table 3) , increased height of the COM at takeoff (0.04 m, 0.04 m, and 0.02 m) (Table 3) , and increased d takeoff for each phase (Table 2 ). Optimised techniques also showed increased vertical reaction impulses (2.9%, 4.8%, and 3.3%) leading to increases in vertical velocity and projection angle of the COM at takeoff in the step and jump phases (0.22 m/s and 1.9°, 0.21 m/s and 0.3°) but not the hop phase (-0.05 m/s and -0.7°) due to the larger increase in hop contact time. 
DISCUSSION
The most marked kinematic differences between the matched and optimised simulations can be seen at the shoulder joints. The angle of the shoulder joint contralateral to the stance hip in the optimised simulations deviated considerably from that of the matched simulations in each phase. The optimised simulations used a symmetrical flexion of both shoulder joints, whereas the matched simulation showed an asymmetrical arm movement (Figure 3) . In addition to this symmetrical arm action there was also a general trend towards greater extension of the joints of the stance leg and a greater flexion of the free hip in the optimised simulations. This all acted to increase ground contact time, facilitated the increase in vertical impulse that was seen in each phase, and also acted to increase d takeoff and raise the whole body COM at takeoff in each phase (Ashby and Delp, 2006) . There was an overall increase in work done of 70 J, 103 J, and 130 J in the hop, step, and jump phases by the torque-driven joints from the matched to the optimised simulations. The largest increases in work were at the stance hip in the step and jump phases, and this was also a large contributor to the increase in work in the hop phase. This finding is in agreement with that of Cheng et al. (2008) who showed that an arm swing facilitated increases in work at the hip joint.
Before the symmetrical arm technique is discussed further, it must be considered that asymmetrical arm actions might be employed by triple jumpers in order to counteract rotations about the longitudinal axis of the jumper. The planar nature of the model used in this study would not allow these rotations to be simulated. However the fact that some elite triple jumpers use a symmetrical double-arm technique (Hay, 1992) indicates that it is possible to control such rotations without utilising an asymmetrical technique and so the symmetrical technique is as viable as an asymmetrical technique in this respect. The increased flexion at the shoulder joints in the optimised simulations manifested itself in increases in both d takeoff and the COM height at takeoff. All the optimised simulations showed an increased vertical impulse and ground contact time. An example of the origin of these increases in impulse can be seen in the force trace for the matched and optimised simulations of the hop phase ( Figure 5 ) where the optimised simulation generated increased vertical ground reaction forces (GRFs) towards the end of the ground contact phase. With the exception of the shoulder joints there were no consistent trends in the changes in activation profiles from the matched to optimised simulations. The increases in joint torques seemed to come about largely because the torque generators were put in kinematic conditions that were more advantageous for torque production. The contributions of the angular velocities of the hip, knee, and ankle joints of the stance leg to torque production at these joints were compared for the time periods where extensor torque generators were maximally active, flexor torque generators inactive, and both simulations were in contact with the ground. Since the contribution of angular velocity to torque production was multiplicative ) the differences in this contribution were calculated as average percentages of the maximum isometric contribution. In most cases the optimised simulations showed a larger contribution of angular velocity to torque production at the hip, knee and ankle joints than in the matched simulations in the hop (5.5%, 0.0%, 7.8%), step (0.6%, 2.2%, 5.0%), and jump (-1.3%, 8.3%, 5.1%) phases. These results provide evidence for the theory that improvements in performance due to arm swing come about due to the muscles of the support leg being put into slower concentric conditions. In essence the two main mechanisms that have been proposed to explain how an arm swing improves jump performance (Harman et al., 1990) are biologically similar: any accelerations generated by the shoulder joints must be transmitted to the floor in order to increase the GRFs, if the velocity of the COM is to be increased. In order for this to happen the muscles of the legs must generate greater joint torques to prevent the joints from collapsing. Assuming that the muscles are maximally activated, this increase in torque must therefore come about due to the muscles of the leg being put in either faster eccentric, or slower concentric, conditions. However, only the latter will result in an increase in mechanical work. Slower concentric conditions will also lead to an increased contact time which may facilitate an increase in linear impulse.
Another likely benefit of the arm swing in triple jumping is the 'cushioning' of the stance leg on impact. It has been shown that arm movements act to cushion the impact on the stance leg in a high jump takeoff (Dapena and Chung, 1988) in which the athlete employed a double-arm technique similar to that seen in triple jumping. This cushioning occurs in the opposite fashion to the mechanism described above during the period when the shoulders are flexing from a hyperextended position shortly after touchdown. While this will put the stance leg extensors into slower eccentric conditions this will not reduce the extensor torques greatly due to the torque plateau in eccentric mode.
The main increase in work came at the stance knee joint in the hop phase (31 J) and the stance hip joints in the step and jump phases (64 J and 59 J). This is again consistent with the idea that the arm action puts the stance leg into slower concentric conditions. Increases in work were often associated with increased angular impulses. In each phase the double-arm technique in the optimised simulations allowed the shoulder joints to do more work. These increases in work were typically modest (5 J, 21 J, and 9 J), although the increases in angular impulse were large (3.9 Nms, 8.2 Nms, and 5.6 Nms) and in the case of the step and jump phases, the largest of any joint. This indicates the importance of considering both measures when assessing technical changes in performance. Work is a scalar quantity and hence it is difficult to say whether an increase will benefit performance. Even if the arms are doing additional work, the manifestation of this work in the GRFs, and therefore the acceleration of the COM, is dependent on the force / velocity relationship of the lower limb musculature and its ability to withstand any forces imposed by the accelerations of the arms. The choice of measure is especially important when analysing jumps with initial horizontal velocity, since the eccentric actions of the leg musculature can contribute directly to changes in the vertical velocity of the COM (Dapena and Chung, 1988) .
In the hop and step phases the performance of the jumper might have been limited due to the requirement that the vertical velocity at landing into the subsequent takeoff should not be too large. Since each phase was optimised individually, with initial conditions taken from the measured performance, this could not be taken into consideration. However, the fact that the jump takeoff, where there was no such requirement, showed a substantial improvement in performance when optimised might indicate that this was not the case.
Using angle-driven elbow joints might be considered to be a limitation since these joints may behave differently in single arm and double arm actions. Indeed if the elbow joints were to be torque-driven then equal elbow angles at takeoff might be expected in the optimised simulations shown in Figure 4 . Such optimisations might produce marginally better performance than the current optimisations but are likely to be very similar in the selected arm action.
Bilateral symmetry was assumed in the determination of joint torque parameters. It might be argued that triple jumping does not necessarily encourage or require symmetrical leg strength. On the other hand each leg is used for stance in one phase or other and training typically incorporates a large number of bilateral exercises which will ensure that strength does not differ substantially between legs.
Since the optimisations were started from the matched simulations which employed asymmetrical arm actions, it might be expected that a local optimum technique employing asymmetrical arms would be found. The fact that the optimised technique changed this to a symmetrical arm movement in each phase is striking and suggests that a global optimum was found. The optimisation of the complete triple jump with the result of one phase leading into the next remains a challenging but feasible prospect. We hypothesise that the extra freedom in initial conditions allowed by this will facilitate further improvements in simulated performance.
